P
rone positioning during mechanical ventilation can improve oxygenation in patients with ARDS 1 due to improvement in ventilation-perfusion matching. 2, 3 Animal studies 4 -8 have shown that lung perfusion remained directed toward the dorsal regions when the animal was in the supine position (SP) or prone position (PP). Positive end-expiratory pressure (PEEP) may improve oxygenation in patients with ARDS through different mechanisms, such as the recruitment of collapsed lung units and the redistribution of pulmonary blood flow (PBF). When ap-plied in the SP, PEEP, by overdistending the nondependent ventral lung regions, may lead to a redistribution of PBF toward the dorsal areas where a large amount of lung is collapsed. 9 Positioning in the PP can offset the redistribution of PBF toward dependent lung regions obtained in the SP with a 5 cm H 2 O PEEP. 8 In clinical practice, the level of PEEP commonly used in ARDS patients is approximately 10 cm H 2 O. 10 However, the effect of changing position on the distribution of PBF at such a PEEP level has not been previously investigated. Therefore, in normal pigs, we studied the effects of SP and PP at both zero end-expiratory pressure (ZEEP) and 10 cm H 2 O of PEEP on the distribution of PBF. We aimed to test the working hypothesis that the marked PBF changes observed with animals in the SP with a PEEP of 10 cm H 2 O are reduced by changing positioning to the PP at the same PEEP level.
Materials and Methods

Animal Preparation and Experimental Protocol
The study was approved by the University of Lyon Animal Research Committee. The investigation was performed in seven healthy pigs (mean [Ϯ SD] weight, 26.1 Ϯ 1.1 kg) of both genders, who were premedicated with an IM injection of xylazine (20 mg) , ketamine (70 mg), and droperidol (5 mg). Anesthesia was induced with 100 mg IV propofol followed by a continuous infusion of 350 mg/h. Analgesia was performed with repeated injections of fentanyl (100 g) every 30 min. A continuous IV infusion of pancuronium bromide (3 mg/h) was used to obtain complete muscle relaxation.
After tracheotomy, all pigs were mechanically ventilated in the volume-controlled mode with a squared inflation flow (Cesar II ventilator; Taema; Antony, France) by using a mean (Ϯ SD) fraction of inspired oxygen of 25.6 Ϯ 5.9%, a respiratory rate of 17.3 Ϯ 0.8 breath/min, and tidal volume fixed at 10 mL/kg. Body temperature was maintained using a heating pad.
The carotid artery was cannulated with an 8.5F catheter (Exacta; Ohmeda; Hertsfordshire, UK). A 7.5F pulmonary artery catheter (Swan-Ganz CCOmbo; Baxter Healthcare Corporation; Deerfield, IL) was inserted via the left internal jugular vein. An 8.5F, three-lumen central venous catheter (Seldiflex; Plastimed Laboratories; St. Leu Lafô ret, France) then was inserted into the right internal jugular vein. During this preparation, which lasted an average of 30 min, the pigs were in the SP.
Each pig was subjected to all of the following four experimental conditions, for 30 min each in random order: SP-ZEEP; PP-ZEEP; SP-PEEP; and PP-PEEP. One pig did not undergo the SP-PEEP condition due to a lack of microspheres.
Physiologic Measurements
Systemic and pulmonary arterial pressures, airway pressure, and airflow were continuously recorded on a 32-bit analog/digital card (NIDAQ; National Instruments; Austin, TX) and were sampled at 200 Hz using appropriate software (Biobench; National Instruments). The signals were stored and subsequently analyzed with the same software (ie, Biobench). The analog outputs of airway pressure and flow from the ventilator were connected to the A/d card so that respiratory and hemodynamic parameters were acquired simultaneously. A complete set of physiologic measurements was obtained before and after each assessment of PBF, as follows. Arterial blood drawn from the carotid artery cannula was analyzed in a blood gas analyzer (model 278; Ciba Corning; Medfield, MA). Then, measurements of mean pulmonary artery, mean systemic artery, pulmonary capillary wedge, and right atrial pressures were recorded for 3 min. Cardiac output was measured by a thermodilution technique in triplicate (Edwards Critical Care Explorer; Baxter Healthcare). Independently of the respiratory cycle, 5 mL 0.9% saline solution at room temperature was injected into the proximal side of the Swan-Ganz catheter. The three values then were averaged.
PBF Assessment
The distribution of PBF was assessed using 15-m diameter radioactive microspheres of the following substances: scandium 46; ruthenium 103; tin 113; and cerium 141 (NEN-TRAC; NEN Life Science Products; Boston, MA). A given microsphere was attached to a given experimental condition. The microspheres were suspended in 3 mL 0.9% saline solution with 0.01% Tween 80 as a surfactant agent, were sonicated for 5 min, and were vortexed immediately before injection. The microspheres (3 to 7 ϫ 10 6 ) were injected for Ͼ 10 s through the proximal port of the three-lumen catheter. The catheter was thoroughly flushed with 0.9% saline solution after the injection. No cardiorespiratory change was noted after the injection of the microspheres.
At the end of experiment, the animals were killed by IV injection of potassium chloride. A sternotomy was performed, and the trachea was found to have occluded during mechanical ventilation at functional residual capacity. The lungs and heart were then removed en bloc. Immediately after removal, the fresh lungs were weighed and sectioned as follows (Fig 1) . Approximately 1-cm wide sections of lung tissue were removed from the top, bottom, and most peripheral sections to avoid a decrease in counting efficiency and, thus, uncertainty in PBF and weight due to the low radioactivity of these small samples. The lungs were divided into transversal planes of equal size (nine in the right lung and six in the left lung). Each plane then was sectioned into sternal anterior and dorsal posterior coronal parts. Each of these was further divided into three sagittal areas (peripheral, medial, and central). All visible large airways were removed from the lung pieces. Thus, we obtained 90 lung samples per pig. Each fresh sample then was weighed before measuring its radioactivity.
A crystal gamma well counter (Cobra II Auto-gamma Counting System; Packard; Meriden, CT) was used to estimate sample radioactivity. The measured activity for each nuclide energy peak was corrected for decay time and spillover by use of the matrix inversion method. Each sample was counted long enough to ensure a counting error of Ͻ 1%.
The heart and one kidney from each pig were harvested to ensure that there was no excess background radioactivity count.
Data Analysis
Measurement of Regional PBF: Superior (uppermost three planes), median (intermediate three planes), and inferior (lowermost three planes) regions were defined in the right lung. Similarly, superior and inferior regions were defined in the left lung. The values for PBF in each lung sample were normalized to the mean PBF of all samples per animal to take into account changes in cardiac output, and were corrected for sample weight because of variability in the lung sample weight (mean weight, 1.60 Ϯ 0.39 g). However, samples containing airways and vessels were relatively heavy compared to the lung parenchyma. As they contributed substantially to the weight of the sample, inclusion of the airways would result in an erroneously low weight-corrected PBF. We focused on minimizing this artifact by eliminating, before processing, major vessels and airways by removing most internal parts of the lung and dissecting the major vessels and airways in the remaining lung. The weight-normalized relative PBF (rPBF) per piece was calculated first by dividing the measured radioactivity of each piece by the piece weight and then by dividing this result by the average value of this ratio in all samples from a given animal for every condition. This variable has no units. The mean (Ϯ SD) value of the rPBF of all lung samples was calculated for each animal. The PBF heterogeneity within each animal was assessed from the coefficient of variation (ie, SD/mean value) of the rPBF. This coefficient of variation was strongly dependent on resolution. In order to obtain a fixed resolution, the samples removed were of the same volume, as assessed visually, as much as possible.
Definition of PBF Differences and Redistribution:
The vertical anterior-to-posterior PBF difference was assessed by subtracting the rPBF of any given posterior region to the rPBF of the corresponding anterior region. In this terminology, anterior means sternal and posterior dorsal parts, regardless of the position. The superior-to-inferior rPBF difference was assessed by subtracting the rPBF of inferior regions from the rPBF of superior regions of both lungs (Fig 1) . The central-to-peripheral PBF difference was obtained by subtracting the rPBF of peripheral lung samples to the rPBF of the central lung samples (ie, near the mediastinum) of both lungs (Fig 1) . The redistribution of PBF was defined as the relative variation of the rPBF within regions. The relative variation of rPBF between the SP and the PP was computed as the ratio of (rPBF PP Ϫ rPBF SP) to rPBF SP. The relative variation of the rPBF between ZEEP and PEEP was computed as the ratio of (rPBF PEEP Ϫ rPBF ZEEP) to rPBF ZEEP.
Statistical Analysis: Mean (Ϯ SD) values were compared between the experimental conditions using analysis of variance for repeated measures. A pairwise multiple comparison procedure was performed using the Tukey test. A one-sample t test was used to test the difference between rPBF differences and zero, and the relative changes in rPBF between conditions. The relative changes in rPBF between ZEEP and PEEP and between SP and PP were compared by paired t test. Regression analysis was performed by using the least squares method. The slopes of the regression fits were compared using a test of parallelism. 11 The level of significance was set at p Ͻ 0.05. Statistical analysis was performed using a computer software package (Sigmastat for Windows, version 2.03; SPSS; Chicago, IL).
Results
Hemodynamics and Gas Exchange
Mean pulmonary artery pressures and pulmonary wedge pressures were significantly higher in PP- PEEP than in PP-ZEEP (Table 1) . Cardiac output was, on average, significantly lower in PP-PEEP than in SP-PEEP. Arterial oxygenation was significantly higher in the PP than in the SP at both ZEEP and PEEP.
PBF Heterogeneity
The complete extraction of microspheres by the pulmonary circulation was achieved in our study since no radioactivity was found in the kidney or the heart. The number of microspheres was large, averaging 19 Ru when PBF was 25% of the average flow. The number of microspheres per sample was approximately 1,070 for scandium, 2,795 for ruthenium, 4,812 for tin, and 2,113 for cerium. The percentages of samples with Ͼ 250 microspheres per sample were 88%, 99%, 100%, and 98%, respectively.
The mean value of the coefficient of variation in the PP-PEEP condition was lower than in the PP-ZEEP and SP-PEEP conditions (Fig 2) . From ZEEP to PEEP in the SP, the coefficient of variation increased in four pigs, decreased in one pig, and did not change in one pig (Fig 2) . By contrast, in the PP the coefficient of variation decreased between ZEEP and PEEP in all animals but one (Fig 2) .
Redistribution of PBF
At ZEEP, we found significant correlation of the rPBF between the PP and the SP (y ϭ 0.15 ϩ 0.85 x; r ϭ 0.81; p Ͻ 0.0001). At PEEP, the correlation was weaker (y ϭ 0.16 ϩ 0.84 x; r ϭ 0.48; p Ͻ 0.0001). The slopes of the regression lines were not statistically different between ZEEP and PEEP.
There was no significant anterior-to-posterior difference in any situation except for SP-PEEP (Table  2 ). Relative to the SP, the PP redistributed PBF toward anterior regions at ZEEP and PEEP (Fig 3) . However, the PP-induced redistribution of PBF toward the anterior region was significantly different from zero only at PEEP and, hence, was greater at PEEP than at ZEEP (Fig 3) . Compared with ZEEP, the redistribution of PBF toward anterior regions at PEEP was not significantly different from zero dur- ing both SP and PP. However, the effect of PEEPinduced anterior redistribution was greater at PEEP than at ZEEP (Fig 3) .
There was a significant superior-to-inferior difference in the SP-PEEP and PP-ZEEP conditions, compared with the other conditions ( Table 2 ). Relative to the SP, the PP resulted in a significant increase in rPBF toward the superior regions at both ZEEP and PEEP (Fig 4) . The size of this redistribution was similar for both levels of PEEP. In the median regions, the PP-induced redistribution of PBF did not differ from zero at either ZEEP or PEEP. However, because the PBF redistribution was in opposite directions, the difference between ZEEP and PEEP was significant. Compared with ZEEP, the redistribution of PBF induced at PEEP toward inferior regions in both the SP and the PP was significantly different from zero (Fig 4) . The size of the redistribution was, however, not different between the two positions (Fig 4) . The observations in the median regions were similar to those in the superior regions except for a greater decrease of PBF redistribution at PEEP in the SP than in the PP (Fig 4) .
There was a significant central-to-peripheral difference in all conditions except for SP-ZEEP ( Table  2 ). The PBF peripheral redistribution in the PP, unlike that in the SP, was significantly different from zero at both ZEEP and PEEP, with the redistribution being greater at PEEP (Fig 5) . The peripheral redistribution of PBF was significantly different from zero at PEEP (not at ZEEP) only in the SP (Fig 5) . 
Discussion
In this study, we found the following in mechanically ventilated normal pigs: (1) the magnitude of redistribution of PBF toward the anterior and peripheral regions in the PP-ZEEP condition was significantly increased in the PP-PEEP condition; (2) the PEEP-induced shift of PBF to the posterior in the SP was reversed by the PP; and (3) compared with the SP, the PP resulted in a more homogeneous distribution of PBF.
Methodological Issues
In our study, the basic criteria to reliably estimate PBF with radioactive microspheres (ie, a complete extraction by the pulmonary microcirculation 12 and an adequate number of microspheres per lung sample) were satisfied. 13 We were, however, concerned that only about 43% of the whole lung weight was analyzed. Nevertheless, each sample was submitted to the four experimental conditions, and the procedure of lung dissection was the same in all pigs. A similar method was reported. 14 The distribution of ventilation/perfusion ratios was not assessed in our study. This was more homogeneously distributed in the lungs in the PP than in the SP in normal dogs 3 and pigs. 6 A similar result was also found in dogs the lungs of which had been injured with oleic acid. 15 Prone positioning has been shown to even the transpulmonary pressure difference, which leads to the reopening of the previously collapsed dorsal lung region. 16 Last, our results are difficult to extrapolate to humans, because the influence of gravity on the distribution of PBF in upright humans is different than that in quadruped animals. Most laboratory animals, including pigs, have a more muscularized vascular system with a smaller fraction of resistance in the microvascular segments. 17 
Hemodynamics
In our study, the cardiac output was significantly reduced at PEEP in the PP compared to that at PEEP in the SP, unlike cardiac output reported in other studies in normal animals. 3, 6 This finding could result from lung overdistension and/or alveolar recruitment induced by the PP. This effect of PP on cardiac output could partly explain the better oxygenation observed in the PP-PEEP condition. However, if lung overinflation is present in nondependent regions in the PP-PEEP condition, this would result in an greater anterior-to-posterior difference, which was not the case (see below). Nevertheless, the reduction of cardiac output may explain the increase in the central-to-peripheral difference in PP-PEEP condition in our study (see below). In our study, we also found that both pulmonary wedge pressure and mean pulmonary artery pressure increased with the PP-PEEP condition. This finding may be due either to the translation of the pulmonary artery catheter from zone III to zone II or to the prevalence of zone I due to alveolar recruitment induced by the relatively high PEEP.
Heterogeneity of PBF
The estimates of PBF heterogeneity that we observed were similar to those observed for normal dogs 5, 18 and lambs 8 (Table 3) . Mure et al, 6 however, have reported higher values for the coefficient of variation for animals in both the SP and the PP (Table 3 ). This discrepancy may be explained by larger tidal volumes (ie, 15 mL/kg) and the difference in the methods used in the study. 6 Nevertheless, although we may have underestimated the PBF heterogeneity, the coefficient of variation of PBF was significantly lower for animals in the PP than for those in the SP, irrespective of the level of PEEP. The difference in spatial resolutions between the present study and previous studies 5, 6, 8, 18 may explain the differences in coefficient of variation. However, in our study, in which a unique resolution was used, differences in the coefficient of variation among the experimental conditions were observed. The values of the coefficient of variation in our study were close to those in others. 5, 8, 18 Finally, our experimental data for rPBF were fitted to a fractal analysis, used as a resolution-independent measure, with derived spatial fractal dimensions that were not different between groups (data not shown).
Global PBF Redistribution Induced by Posture
In agreement with the results of the study by Glenny et al 5 in dogs, we found a strong correlation of the rPBF in the SP to the PP at ZEEP. Because the PBF directed toward the posterior lung regions in the SP and the PP continues to be the same size, it has been suggested that the anatomy of the pulmonary vasculature is a major factor that determines the distribution of the PBF. In baboons, the vertical gradients of perfusion vary with different postures, suggesting that factors other than pulmonary hydrostatic pressure are important. 19 At PEEP, in our study, the correlation of rPBF in the SP with the PP was weaker.
Anterior-to-Posterior PBF Difference and Redistribution
At ZEEP, we found that the anterior-to-posterior difference did not significantly differ from zero in either position, a result that is in agreement with that of Mure et al, 6 but our methodology may have underestimated the vertical difference for two reasons. First, by dividing the lungs in only two sections in the transverse axis, an underestimation of approximately 50% of the true vertical difference may have occurred. However, it is interesting to notice that even though our spatial resolution was lower than those reported in other studies, [5] [6] [7] [8] our results are in agreement with these studies. Second, because we weighed fresh samples to provide our normalized PBF, it is likely that the posterior pieces contained more water than the anterior pieces due to an effect of gravity, which may have led to a weight overestimation of the posterior samples. This difference, which was present for pigs in the SP and was absent in those in the PP, also has been found in dogs 5 and sheep. 7 Hence, a PEEP of 10 cm H 2 O, like a PEEP of 5 cm H 2 O, 8 redistributes PBF to dependent lung regions in the SP, but not in the PP.
Superior-to-Inferior PBF Redistribution
Our results showed that the PP acts by counterbalancing the effects of PEEP on the perfusion of the superior regions. In normal dogs, low PEEP induced a significant increase in the perfusion of the diaphragmatic lobes together with an insignificant decrease in the perfusion of the apical lobes. 18 Higher levels of PEEP, resulting in a more marked overdistension of the cranial and ventral regions, may revert these regions from zone III to zone II and from zone II to zone I conditions. 20 
Central-to-Peripheral PBF Redistribution
At ZEEP in the SP, we did not find any centralto-peripheral difference, which is similar to the results found in a study in sheep 18 but contradicts the results found in studies in dogs 5 and horses. 21 Apart from the difference in methodology, this discrepancy may be due to the higher tidal volume (15 mL/kg) in sheep leading to a decrease in the perfusion of overdistended peripheral lung regions. Another explanation could be the more intense hypoxic vasoconstriction response in pigs, which may attenuate differences in PBF heterogeneity. 22 In the SP, the central-to-peripheral difference was lower at PEEP than at ZEEP, a result that disagrees with a prior study with PEEP at 20 cm H 2 O. 23 This high PEEP markedly decreased cardiac output and redistributed PBF from the core to the periphery of the lung. 23 No change in the central-to-peripheral difference has been found with 5 cm H 2 O of PEEP, a level that did not alter cardiac output. 18 
Clinical Implications
These results can only be applied to mechanically ventilated patients with extreme caution, due to interspecies difference, as stated above, and because they were obtained in normal animals. However, these results should encourage the re-evaluation of the mechanisms of PEEP on gas exchange alterations. During mechanical ventilation, the goals of PEEP are as follows: (1) to improve oxygenation through the recruitment of atelectatic regions, (2) to avoid excessive overdistension in the more normal lung areas, and (3) to avoid derecruitment. In the SP, atelectasis occurs essentially in the posterior regions. PEEP may redirect a substantial amount of perfusion to these regions, 8 resulting in impaired gas exchange and, thus, perhaps promoting ventilatorinduced lung injury. 24 The PP acts as a recruitment maneuver that is equivalent to a PEEP of 7 cm H 2 O. 25 This effect, together with a more homogenous distribution of PBF throughout the lung, results in a similar gain of oxygenation with prone positioning with a lower PEEP and, hence, in a lower likelihood of ventilator-induced lung injury in the posterior regions.
Conclusion
In normal mechanically ventilated pigs, the PP reduced anterior-to-posterior difference through PBF redistribution along the vertical axis. In addition, the PP induced a shift in perfusion toward the superior and peripheral regions. Both effects were more marked at PEEP.
